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S U M M A R Y
Surface deformation parameters and its use in volcano monitoring have evolved from classical
geodetic procedures up to those based on Global Navigation Satellite Systems (GNSS), in
particular the most widely used and known Global Positioning System (GPS), profiting from the
automated data processing, positioning precision and rates, as well as the large storage capacity
and low power consumption of its equipments. These features have enabled the permanent
GNSS–GPS data acquisition to ensure the continuous monitoring of geodetic benchmarks for
the evaluation of surface deformation in active tectonic or volcanic areas. In Deception Island
(Antarctica), a normal vector analysis is being used to give surface deformation based on three
permanently observed GNSS–GPS benchmarks. Due to data availability, both in the past and
for near real-time use, all benchmarks used are inside the monitored volcanic area, although
the reference is away from thermal springs and/or fumaroles, unlike the other two. The time
variation of slope distances to the reference benchmark and of the magnitude and inclination
of the normal vector to the triangle defined by the reference benchmark and any other two,
provides the spatial deformation in the volcanic area covered. The normal vector variation in
magnitude gives information on compression or expansion, here called spatial dilatometer,
while the changes in inclination gives information on relative uplift or subsidence, here called
spatial inclinometer. In geodesy, the triangle is a basic geometric unit and the areal strain is
commonly applied in tectonics and volcanism. The normal vector analysis conjugates both,
benefiting from the method’s precision, simplicity and possibility to model the surface using
several triangles. The proposed method was applied to GNSS–GPS data collected every austral
summer between 2001–2002 and 2009–2010 in Deception Island. The results evidence that
Deception Island acts as a strain marker in the Bransfield Basin volcano-tectonic setting.
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1 I N T RO D U C T I O N

Deception Island is a horseshoe-shaped stratovolcano, situated in
the Bransfield Strait extensional basin between the South Shetland
Islands to the west and the Antarctic Peninsula to the east, whose
main volcano-tectonic feature is a central flooded depression. This
central caldera has been traditionally described as a collapse caldera
originated after one or more voluminous eruptions (Smellie 2001).
However, other models suggest that its formation was due to a
progressive passive normal faulting along a nearly orthogonal fault
system that cuts across the Island according to a regional trend
(Rey et al. 1995; Marti et al. 1996). The region defined by the
South Shetland Archipelago, the Bransfield Sea and the Antarctic
Peninsula is dynamically complex due to its tectonic surroundings.
Two major plates converge, the South American and the Antarctic

plates and several minor plates interact, the Scotia, the Phoenix and
the South Shetland plates (Fig. 1) (Galindo-Zaldı́var et al. 2004;
Maestro et al. 2007).

The South Shetland Archipelago is a volcanic arc formed as
a consequence of the Phoenix microplate subduction under the
Antarctic Plate, whose rate is near 1.0 cm yr–1 (Dietrich et al.
2001; Robertson-Maurice et al. 2003; Taylor et al. 2008; Jin et al.
2009). The slow subduction rate is favourable to the roll back mo-
tion of the subducted slab, producing the extension of the overriding
plate and giving way to the back arc Bransfield Basin formation,
and thus to the separation of the South Shetland Block. To the
north, the South Shetland Trench ends at the left-lateral Shackle-
ton Fracture Zone near Elephant Island and to the south, ends at the
Hero Fracture Zone, whose southeastward direction goes by Decep-
tion Island. Furthermore, due to the Antarctic Plate northeastward
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Surface deformation normal vector analysis 1563

Figure 1. Tectonic setting showing the Scotia, the Phoenix and the South Shetland plates, bounded by the major Antarctic and South American plates.

movement in this region, the South Shetland Trench has an addi-
tional left-lateral component that extends to the left-lateral trans-
pressive South Scotia Ridge, the Antarctic–Scotia Plate boundary,
which may compete with the slab roll back as the main mecha-
nism for the Bransfield Basin extensional regime (Galindo-Zaldı́var
et al. 2004; Maestro et al. 2007). These mechanisms are the cause
of the nearly orthogonal fault system, following the NNW–SSE
and NNE–SSW directions, that is present in the Bransfield Basin
(Maestro et al. 2007).

The central area of the Bransfield Basin is the most active, be-
tween Bridgeman Island and Deception Island, with near 60 km
width, 230 km long and 1950 m deep. It has asymmetrical edges,
more abrupt on the South Shetland Islands side, with maximum
slope of 25◦–30◦ and about 10 km long and smoother on the
Antarctic Peninsula side (González-Ferrán 1991; Canals et al. 1997;
Galindo-Zaldı́var et al. 2004). The active volcanism in this area is
characterized by emergent volcanoes like Deception, Penguin and
Bridgman, and also by numerous submarine volcanoes with differ-
ent evolution stages, from well defined volcanic cones to its obliter-
ation as a consequence of the existing extensional tectonic regime
(Canals et al. 1997). These volcanic centres are aligned following
the NNE–SSW basin main direction. The volcanic activity is man-
ifested by historical eruptions in Deception and Penguin Islands,
together with rifting and magmatic processes during the last 2 Myr.
These facts suggest that the volcanic activity in the Bransfield Basin
goes on in continuous development (González-Ferrán 1991).

Deception Island has undergone a nearly continuous volcanic ac-
tivity, with confirmed eruptions in 1800, 1812, 1842, 1871, 1912,
1956, 1967 and 1970. The last eruptive process from 1967 to 1970
was located around Telephone Bay and Mount Pond, along a main
fracture in the NNE–SSW direction. It gave rise to a 40-m-high cone
and an alignment of five craters in the northern sector of the Island,
causing the collapse of the Chilean Base in Pendulum Cove and the
destruction of the British Base in Whalers Bay due to a lahar action.
This situation forced every scientific task developed in the island
to be suspended (González-Ferrán & Katsui 1970; González-Ferrán
1995) until the first Spanish–Argentinean campaigns restored the
Island’s volcano monitoring. Nowadays, the main superficial evi-
dences of volcanic activity in the Island are the presence of fumarolic
areas with 100 ◦C and 70 ◦C gaseous emissions at Fumarole and
Whalers Bay respectively; 100 ◦C hot soil in Cerro Caliente; and
45 ◦C and 65 ◦C thermal springs in Pendulum Cove and Whalers
Bay, respectively (Garcia et al. 1997; Ibáñez et al. 2000). A re-
markable seismic activity is also registered in the Island. The high
seismicity reflects the basin extension, the subduction process and
the volcanism. Most of these events are shallow, with low energy
content and magnitudes between 1 and 2. Volcano-tectonic (VT)
earthquakes of magnitude 3 and 4 were also detected during the
seismovolcanic crisis in 1991–1992 and 1998–1999 (Ibáñez et al.
2000, 2003). The seismovolcanic crisis in 1992 January had a no-
ticeable activity increase with 900 events registered and four felt
earthquakes. Detected gravity and magnetic anomalies suggested
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1564 M. Berrocoso et al.

that the volcanic reactivation was due to a 2000-m-depth magmatic
injection near Fumarole Bay (Ibáñez et al. 2000). These evidences
started to diminish in 1992 February. Repeated GNSS–GPS sur-
veying from 1989–1990 to 1995–1996 registered on Fumarole Bay
and Whalers Bay the most significant ground deformations (Berro-
coso 1997). Also, near the end of 1998, the few seismic events
recorded suddenly changed at the beginning of 1999, when a sig-
nificant seismovolcanic activity was detected. This crisis included
VT and long-period events together with volcanic tremors. Most of
the registered events were located between Fumarole and Telephone
Bay, some of which were large enough to be felt, with magnitude
3 and 4. When the campaign finished, towards the end of February,
the seismic activity was still high (Ibáñez et al. 2003). A series
of geophysical measurements were registered, from which it was
concluded that the volcano’s reactivation occurred, reflected in the
deformation rate increase, in the gas composition change and in
the gravity and magnetic anomalies. These evidences suggested an
injection of fresh magma to a depth of 500–1000 m, where the
most affected area was Fumarole Bay (Garcı́a et al. 2002; Berro-
coso et al. 2006). Recent geomagnetic, gravimetric and seismic
refraction studies further support the existence of a magma cham-
ber underneath Deception’s flooded caldera (Somoza et al. 2004;
Muñoz-Martı́n et al. 2005; Zandomeneghi et al. 2009). Seismic
refraction and tomography profiles suggest that Port Foster is un-
derlain by a magma chamber that extends downward from 2000
m to at least 5000 m depth. The stronger low velocity anomalies
detected beneath Fumarole Bay are consistent with the presence of
a significant volume of partial melt (Zandomeneghi et al. 2009),
although smaller low velocity anomalies were indentified as well
under Mount Pond.

2 G E O D E T I C I N F R A S T RU C T U R E

Geodetic studies in Deception Island began in the 1950’s by the
Chilean, Argentinean and British scientists from bases established
on the Island. These works were mainly directed to update the ex-
isting cartography of the Island and were interrupted at the end of
the 1960’s, when the last eruptive process forced the bases evacu-
ation. The geodetic and geophysical studies were suspended until
1987, when the volcano monitoring was re-established by Span-
ish and Argentinean researchers, that since have been running ge-
omagnetic, gravimetric and seismic refraction measurements, as
well as geochemical and geodetic studies. The tectonic behaviour
of the Antarctic Peninsula, concerning to the South America and
the South Shetland Archipelago, has been the motivation of some
projects from Scientific Committee Antarctic Researches (SCAR),
with episodic campaigns developed to survey the increasing number
of GNSS–GPS benchmarks distributed along this region (Dietrich
et al. 2001). Throughout the several Spanish Antarctic campaigns
the REGID geodetic reference frame was constructed (Fig. 2a).
This reference frame was designed with the aim of enabling
geodynamic studies based on GNSS–GPS geodetic techniques
(Berrocoso et al. 2008). It is formed by 15 benchmarks on Decep-
tion Island’s inner ring, from which that located near the Spanish
Base Gabriel de Castilla BEGC is considered the reference bench-
mark, benefiting from the Base’s logistic. A reference benchmark is
needed for the sub-centimetre precision expected when differential
GNSS–GPS positioning is used to achieve geodynamic capabil-
ity. Furthermore, to ensure the correct and well-known position
of the GNSS–GPS antenna centre relatively to the benchmark at
each campaign, a forcing system was designed, based on a 5-cm-

stainless steel screw for the benchmark materialization and a labora-
tory measured prolongation with nearly 13 cm to attach the antenna
(Fig. 2b).

Until now the GNSS–GPS data collected at the REGID bench-
marks was used to establish successive volcano surface deformation
models, nevertheless without continuous and near real-time capa-
bility. The models were based on episodic observation periods, for
the majority of the benchmarks not more than 5–6 d each austral
summer campaign. Although the REGID reference frame grants
spatial homogeneity, the same does not occur with the time of the
ground deformation. Since 2001, added to the reference benchmark
BEGC, FUMA benchmark at Fumarole Bay and PEND benchmark
at Pendulum Cove became permanently observed along all cam-
paign extent. This two benchmarks are located near the main frac-
ture where the 1967–1970 eruptive process occurred, additionally
having superficial evidences of volcanic activity, like fumaroles or
thermal springs. Also, both seismovolcanic crisis of 1992 and 1999
were caused by magma injection near Fumarole Bay (Ibáñez et al.
2000; Garcı́a et al. 2002). From the 2007–2008 campaign, a wire-
less connection infrastructure is being developed so that the data
collected in the three sites can be processed at near real time on a
monitoring station.

From the continuous satellite observation at the benchmarks
BEGC, FUMA and PEND, relative ground deformation monitoring
at Fumarole Bay and Pendulum Cove near real time can be achieved,
while BEGC is considered fix. To establish the ground deformation
history at these sites, the data collected each austral summer since
2001–2002 until 2009–2010 were processed to attain positioning
solutions every 30 min. The GNSS–GPS receivers and antennas
used were geodetic, measuring in both L1 and L2 frequencies. The
registered sampling rate in the first two campaigns was 30 s, then
until 2004–2005 was 15 s and in the last campaigns, a 1 s rate was
used.

3 M E T H O D S

The Bernese GPS Software 5.0 (Dach et al. 2007) was used to
process the GNSS–GPS data to attain positioning solutions every
30 min. However, a 3 h previous solution was computed to de-
termine the cycle ambiguities with the quasi-ionosphere-free tech-
nique (Mervart 1995), where ionospheric total electron content grids
were used, and one tropospheric zenith delay correction per hour,
using both the hydrostatic model and the mapping functions by
Niell (1996). The average percentage of ambiguities solved with
this strategy was near 85 per cent. Then, 30 min solutions were
processed using the double-differenced ionosphere-free combina-
tion, a 10◦ cut-off angle and precise ephemerides, along with the
pre-processed ambiguity solutions and the tropospheric zenith de-
lay corrections. The ocean loading effect was considered as well.
All other systematic errors were treated according to the Center for
Orbit Determination in Europe processing standards for the Interna-
tional GNSS Service (IGS), provided with the Bernese Processing
Engine (Dach et al. 2007). For near real-time solutions, the pro-
cessing strategy needs minor adjustments due to the unavailability
of ionospheric total electron content grids and precise ephemerides,
consequently decreasing the precision level. However, the solutions
can be reprocessed using the IGS rapid products (Dow et al. 2009)
with an approximated 24 h delay.

Nevertheless, the enabled positioning precision and its 30 min
rate makes possible to detect half-day periodicities, certainly of
non-volcanic origin, that need to be filtered. The origin of these
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Figure 2. The REGID (Red Geodésica Isla Decepción) spatial distribution (a) and antenna position forcing system (b).

half-day periodicities is yet to be thoroughly studied, but residual
effects not corrected by the models used for the ocean tide load-
ing or driven by the near 12 h constellation orbital period may be
suggested. Due to the Gaussian distribution of these residual peri-
odic effects, a Discrete Kalman Filter (Kalman 1960) was designed
and implemented. Its prediction model was based on the average
increment registered in the last 12 h filtered solutions, the stability
component, slightly corrected with the tendency attained for the
30 min prior to the predicted solution, the reactive component,

x̂k = xk−1 + wR
xk−1 − xk−2

tk−1 − tk−2
(tk − tk−1)

+ wS
xk−1 − xk−25

tk−1 − tk−25
(tk − tk−1),

where wS and wR are the stability and reactive components weights
respectively, x represent the filtered solutions, x̂ the predicted solu-
tion and t the solution’s time.

The Discrete Kalman Filter is a recursive state-space method
that, given a good prediction model and with observations affected
by Gaussian white noise, should maintain the same average what-
ever the considered time interval used in both observed and filtered
time-series, after removing the phase-shift that typically affects re-
cursive filters. The filtered solution is given by correcting the model
predicted solution with a fraction, known as Kalman gain K , of the
difference between the predicted solution and the observed solution
z, at step k, that when both represent the same parameter is written

as

xk = x̂k + Kk (zk − x̂k) .

The Kalman gain tends to neglect the standard difference between
the predicted and the observed solutions, which should be similar
to the observations standard noise Rk . Then the filtered solutions
noise Pk tends to the product of the observations standard noise
with the Kalman gain. This is a consequence of the Kalman gain
expression that, when predicted and observed solutions represent
the same parameter and the filtered solutions noise is much smaller
than the observations standard noise (Pk � Rk), can be simplified
to

Kk ≈ Pk−1

Rk
, Pk−1 � Rk .

The implemented Discrete Kalman Filter gave an overall Kalman
gain of 0.1, considering all campaigns and observed (Bernese
processed) time-series, resulting in a 90 per cent noise reduction
in each time-series.

For continuous volcano-tectonic monitoring, the time variation
of each benchmark topocentric coordinates can provide information
about the deformation of the ground where it is linked. Through the
time variation of the baseline’s slope distance relative to the ref-
erence benchmark lineal deformation can be identified. The time
variation of the three benchmarks position, where one can be the
reference benchmark, gives the time variation of the triangle de-
fined by them, which normal vector provides information about its
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1566 M. Berrocoso et al.

spatial deformation. In particular conditions the triangle’s spatial
deformation can be related to the volcano’s spatial deformation,
needing the same general volcano-tectonic source to be the cause
of each local ground deformation, which is not straightforward.
Furthermore, in differential GNSS–GPS the reference benchmark
is held fix, and when its movement is unknown and though unre-
moved, only the baseline’s northing, easting and height components
can be measured. The advantage of slope distance and normal vector
analysis is that the reference’s movement is part of both baseline’s
and triangle’s variation. BEGC, FUMA and PEND benchmarks are
the vertices of the triangle subjected to normal vector analysis, in

particular its normal vector’s magnitude and inclination. As the
normal vector’s magnitude of two adjacent sides of a parallelogram
is numerically equal to the parallelogram’s area and being the tri-
angle’s area half the parallelogram’s, the variation of the normal
vector’s magnitude is an indicator of compression or extension of
the triangle due to the simultaneous ground deformation at the three
sites, here called spatial dilatometer. Moreover, the variation of the
normal vector’s inclination is an indicator of ground deformation as
well, showing relative uplift or subsidence between the three sites,
here called spatial inclinometer. The normal vector was computed
by the external product of the vectors defined by the BECG–FUMA

Figure 3. BEGC–FUMA slope distance time-series. Bernese solutions (grey) and filtered solutions (black). Full vertical lines between campaigns. Doted
vertical lines when data gaps occur.

Figure 4. BEGC–PEND slope distance time-series. Bernese solutions (grey) and filtered solutions (black). Full vertical lines between campaigns. Doted
vertical lines when data gaps occur.

C© 2012 The Authors, GJI, 190, 1562–1570

Geophysical Journal International C© 2012 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/190/3/1562/571363 by B-O

n C
onsortium

 Portugal user on 04 June 2019



Surface deformation normal vector analysis 1567

segment and the BEGC–PEND segment, respectively u and v, at
each time

�n = �u × �v = (dnBF, deBF, dhBF) × (dnBP, deBP, dhBP) ,

where dnBF, deBF and dhBF are the BECG–FUMA baseline’s nor-
thing, easting and height components and dnBP, dnBP and dnBP are
the BECG–PEND baseline’s northing, easting and height compo-
nents.

4 R E S U LT S A N D A NA LY S I S

The time-series of Bernese processed solutions have an overall av-
erage root mean square (rms) of 1 cm in the northing and easting

components and of 2 cm in the height component, with Gaussian
distribution. Nevertheless, due to the characteristic small deforma-
tions at Fumarole Bay and Pendulum Cove during these campaigns,
a clearer understanding of the ground deformation is accomplished
analysing the filtered time-series, profiting from the 0.1 Kalman
gain and expected average rms reduction of 90 per cent as dis-
cussed previously, resulting in a precision of 0.1 cm in the northing
and easting components and of 0.2 cm in the height component. In
Figs 3 and 4, the baselines slope distance time-series are presented,
furthermore showing the implemented Discrete Kalman Filter
efficiency.

Although a geodetic benchmark is available in Livingston Island
36 km from Deception, data availability in the studied campaigns

Figure 5. BEGC–FUMA baseline’s height component filtered solutions time-series.

Figure 6. BEGC–PEND baseline’s height component filtered solutions time-series.

C© 2012 The Authors, GJI, 190, 1562–1570
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1568 M. Berrocoso et al.

is lesser and for present near real-time use is still inaccessible. For
that reason, BEGC was chosen as the reference benchmark, allowing
for unremoved ground deformation there, especially for baseline’s
slope distance and triangle’s normal vector analysis. Still, because
the baseline’s slope distance is almost unaffected by its height com-
ponent variation, unlike by its northing and easting components
and its information shouldn’t be neglected, the baselines height
component time-series are presented in Figs 5 and 6. Compar-
ing BEGC–FUMA and BEGC–PEND baselines height component
time-series little correlation is detected. Moreover based on the
benchmarks location, the measured variations are better explained
by ground deformation at Fumarole Bay and Pendulum Cove. Dur-
ing the 2003–2004 campaign, the larger deformation events are

shown in FUMA’s time-series, where a relative to BEGC uplift of
near 8 cm in 3 d was measured followed by a relative subsidence of
near 6 cm in 2 d.

The time-series for the spatial dilatometer and the spatial in-
clinometer are presented, respectively in Figs 7 and 8. The spa-
tial dilatometer time-series shows when and how the changes from
compressive (decreasing magnitude) to extensive (increasing mag-
nitude) occur in the triangle based on the three benchmarks, from
where the areal strain rates (Sigmundsson et al. 1995; Ferhat et al.
1998) can be further computed. During the 2006–2007 campaign,
a triangle’s 23 ppm yr–1 extension rate was registered, between
December 9 and February 20. Also, between campaigns, a com-
pressive state was identified from 2002 until 2004 followed by an

Figure 7. BEGC, FUMA and PEND benchmarks based triangle spatial dilatometer time-series.

Figure 8. BEGC, FUMA and PEND benchmarks based triangle spatial inclinometer time-series.
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Surface deformation normal vector analysis 1569

extensive state from 2005 until 2007 and then by another compres-
sive state from 2008 until 2010.

The spatial inclinometer time-series increases as the triangle
tends to define a horizontal plan, meaning that the height differ-
ence between benchmarks becomes lesser, whereas a decrease in
inclination indicates the opposite. Although ambiguity exists about
the benchmarks vertical deformation without each baseline’s height
component time-series, only the spatial inclinometer needs to be ob-
served to follow the changes in the triangle’s inclination. Among
campaigns a significant spatial inclinometer decrease was identi-
fied during the year of 2006, since the 2005–2006 campaign ended
in 2006 February and the 2006–2007 campaign begun in 2006
December, related with FUMA and PEND getting respectively, near
5 cm and 7 cm lower, with respect to BEGC.

5 C O N C LU S I O N S

Deception Island is a volcanic island in a high tectonic stress set-
ting. There, the ground deformation can be due to volcanic activity,
but has well caused by slab rollback and slab subduction at the
South Shetland Trench or by the left-lateral transpressional stress
along the South Scotia Ridge. When slab rollback is the foremost
regime, extension of the Bransfield Basin is expected and due to
normal faulting some subsidence is probable. If either slab sub-
dution at the South Shetland Trench or left-lateral transpressional
stress along the South Scotia Ridge are the main regime, com-
pression of the Bransfield Basin should be expected and caused by
thrust faulting some uplift may occur. During inflation of a magma
chamber, compression and subsidence at the volcano surface may
occur due to isostactic adjustment or extension and uplift due to
pressure increase (Dzurisin 2007). Furthermore, the benchmarks
location with respect to a possible magma chamber is critical. Due
to Deception’s location in the Bransfield Basin, the complex vol-
canic interpretation of ground deformation has an additional tec-
tonic component, resulting that the Island acts as a strain marker
for the volcano-tectonic setting. Nevertheless, these two parame-
ters may be interesting enough to help separate from volcanic or
tectonic as the foremost regime present, together with other geo-
physical data, if the spatial inclinometer can provide unambiguous
information about uplift and subsidence as the spatial dilatometer
can about extension and compression. Still, the separation among
short-term events and long-term between campaigns signal should
be accounted for, as episodic events are better explained by volcanic
activity and long-term signal by tectonic stress regimes.

The implemented Kalman Filter gave valid solutions for the most
probable deformation, free from the effect of the half-day periodic-
ities encountered in the GNSS–GPS processing solutions, possibly
caused by some residual uncorrected tidal or driven by the orbital
period effects. Although small, several deformation events can be
identified that, if thought of volcanic origin, evidence a highly active
volcano considering the fact that it is monitored only 2–3 months
in a year.

The spatial dilatometer registered a triangle’s 23 ppm year–1 ex-
tension rate during the 2006–2007 campaign. Along the studied
campaigns a 3 yr period of compression was followed by another
3 yr period of extension and then again by a 3 yr period of com-
pression. The spatial inclinometer identified the relative to BEGC
vertical deformation of either FUMA and/or PEND evidenced by
its correlation with BEGC–FUMA baseline’s height component in
the 2003–2004 and with BEGC–PEND baseline’s height compo-
nent in 2007–2008. A significant spatial inclinometer decrease was

identified during the year of 2006. The proposed method’s preci-
sion and simplicity enables its use in near real-time conditions pro-
viding information about surface deformation even if all geodetic
benchmarks are inside the volcanic area, based on two parameters:
extension through the spatial dilatometer and inclination thru the
spatial inclinometer.
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